Stress ethylene production in bean (Phaseolus vulgaris L., cv. Taylor's Horticultural) leaf tissue was stimulated by Cd2" at concentrations above 1 micromolar. Cd2+-induced ethylene biosynthesis was dependent upon synthesis of 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC synthase. Activity of ACC synthase and ethylene production rate peaked at 8 h of treatment. The subsequent decline in enzyme activity was most likely due to inactivation of the enzyme by Cd2, which inhibited ACC synthase activity in vitro at concentrations as low as 0.1 micromolar. Decrease in ethylene production rate was accompanied by leakage of solutes and increasing inhibition of ACC-dependent ethylene production. Ca2", present during a 2-hour preiacubation, reduced the effect of Cd2" on leakage and ACC conversion. This suggests that Cd2' exerts its toxicity through membrane damage and inactivation of enzymes. The possibility of an indirect stimulation of ethylene biosynthesis through a wound signal from injured cells is discussed.
thase. Activity of ACC synthase and ethylene production rate peaked at 8 h of treatment. The subsequent decline in enzyme activity was most likely due to inactivation of the enzyme by Cd2, which inhibited ACC synthase activity in vitro at concentrations as low as 0.1 micromolar. Decrease in ethylene production rate was accompanied by leakage of solutes and increasing inhibition of ACC-dependent ethylene production. Ca2", present during a 2-hour preiacubation, reduced the effect of Cd2" on leakage and ACC conversion. This suggests that Cd2' exerts its toxicity through membrane damage and inactivation of enzymes. The possibility of an indirect stimulation of ethylene biosynthesis through a wound signal from injured cells is discussed.
Ethylene is an endogenous regulator for plant growth, development, and senescence (1) . Ethylene production from plants under normal conditions is very low, but increases when living tissues are subjected to a variety of stress conditions (21) . Biosynthesis of ethylene begins with methionine and includes SAM3 and ACC as intermediates (3) . Formation of ACC by ACC synthase has been identified as rate-limiting step in vegetative and fruit tissue (6, 7, 15, 17, 33, 34, 36) . This step can be inhibited specifically by AVG (3, 6, 8, 34) . The mechanisms by which ACC synthase activity is regulated are yet unknown.
Conversion of ACC to ethylene presumably involves a membrane associated system (4, 26) . Osmotic shock (4, 26, 27) , low temperature (4, 11, 27) , high temperature (12, 16, 34) , lipophilic membrane perturbants (4, 24, 25) , ionic and nonionic detergents (3, 4, 26, 27) , and polyamines (5) are known to inhibit this system. Cobaltous ion (19) and high phosphate concentrations (9) were used during the experiments reported here to inhibit this step. Stress ethylene production from plants exposed to toxic chemicals such as copper (18) biosynthesis, stimulation, and inhibition.
Experiments were undertaken to determine the step at which toxic heavy metals exert their effects on the biosynthetic pathway of ethylene and through which mechanism stimulation and inhibition occur. Cadmium ion has been chosen because of its increasing importance as an environmental contaminant. Although the phytotoxic potential of Cd2" is well known (29) (15,000g, 20 min) , the pellet was dissolved in I ml of dialysis solution, containing 2 mm K-Hepps (pH 8.5), 0.5 Mm pyridoxal phosphate, and 0.1 mm DTT. Dialysis was carried out over night. ACC synthase activity was determined in a reaction mixture containing 0.4 ml enzyme solution, 50,l K-Hepps (600 mm, pH 8.5), 90,l H20, and 60 pl SAM (0.6 mM). ACC content in the reaction mixture was measured after 1 or 2 h of incubation at 300
C by the method of Lizada and Yang (22) . Reaction rate was constant during this time period. Tests with blank samples were performed in parallel. They contained 0.4 ml enzyme solution 
RESULTS
Ethylene production from untreated bean leaf discs was about 1% of that produced by Cd2+-treated (0.1 mM) discs (Table I ). In comparison, Cu2+ (0.1 mM) only slightly stimulated ethylene production under the described conditions, and Hg2+ and Zn2+ (both at 0.1 mM) had no significant effect. Hg vapor (at air saturation) was inhibitory. Similarly, leakage of solutes was markedly stimulated by Cd2+, whereas the other ions tested were less effective (Table I) . A at 280 nm was due predominantly to proteins (not shown). ethylene production and formation of ACC, the precursor of ethylene (Fig. 1) Figure 2 demonstrate that already 0.1 ,LM Cd2+ inhibited ACC synthase activity by 15%. Figure 3A shows the time courses of ACC synthase activity and ACC content during treatment with 0.1 mm Cd2+. ACC synthase activity increased concurrently from 0 to 0.7 nmol/g. 2h. Values for ACC synthase were lower than expected from ACC accumulation rate. A similar observation has been reported by Boller and Kende (7) . The time courses of the total amount of ethylene formed after addition of 0.1 mm Cd2' and of the calculated rate of ethylene production during 2-h intervals are shown in Figure 3B . Activity of ACC synthase and ethylene production rate peaked at 8 h and declined afterwards. ACC content, which depends on the rate of ACC synthesis and conversion, was highest at 13 h. Decline of ACC content following 13 h accompanied the rapid decrease in ACC synthase activity. The observed decrease in ethylene production rate at the same time, however, could not be attributed entirely to the decrease in ACC content. When Ca2+ was present at 1 iM during the preincubation period. The concentration of Cd2+ was 0.1 mM. Each ethylene production value represents the accumulation during a 2-h interval (9-11 h and 19-21 h) per g fresh wt.
Samples for determination of leakage consisted of five discs floating on 5 ml of incubation solution. Values in one column followed by the same letter are not significantly different at the 5% level of probability. (Fig. 4) . It is noteworthy that Cd + did not disturb the assay for ACC content as described in "Materials and Methods" (data not shown). (2, 7, 10, 17, 36) .
Stimulation of ACC synthase has also been found in response to mechanical wounding (7), IAA (15, 35) , and Cu21 (36 Cd2+ is known to exert toxic effects through reaction with SHgroups of proteins, thus inactivating numerous enzymes (23, 31, 32) . This ability of Cd2+ may account for the inactivation of ACC synthase in vitro and in vivo, as well as for the decreased conversion of ACC to ethylene during the Cd2+ treatment. This last step in ethylene biosynthesis can be inhibited by sulfhydryl reagents, such as CoCl2, HgCl2, or others (13, 35) . Recent work suggests the involvement of an intact membrane or cell wall-membrane system for ACC-dependent ethylene production (4, 11, 12, 26, 27) .
Leakage of solutes reflects loss of membrane integrity (20 
